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Clathrin: A good view of a shapely leg
Ernst Ungewickell
The crystal structure of an amino-terminal fragment of
the clathrin heavy chain has recently been determined,
revealing a globular b-propeller domain attached by an
a-zig-zag connecting rod to the heavy chain’s distal
segment. The structure sheds interesting new light on
the design features of this versatile protein.
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Clathrin-coated vesicles carry lipids and proteins between
cellular compartments [1]. Their best-characterized roles
are in the receptor-mediated uptake of hormones and
growth factors, and in the transfer of lysosomal proteins
from the trans-Golgi network to the endosomal system.
Their relative abundance and ease of purification has
made clathrin-coated vesicles the system of choice for
studying the mechanism of intracellular transport events.
Although clathrin-coated vesicles vary widely in size, the
nature of their cargo and the composition of their
accessory proteins, the structural principles on which their
outer coat is constructed are common to all the variants.
Important new light has been shed on these structural
principles by the recent determination of the crystal
structure of an amino-terminal fragment of the clathrin
heavy chain [2].
The coat of a clathrin-coated vesicle has the form of a poly-
hedral lattice of mostly regular pentagons and hexagons.
The structural unit of the lattice is the triskelion — a pin-
wheel made up of three clathrin heavy chains in association
with three light chains (Figure 1). This coat is attached to
the membrane by way of adaptor proteins, which interact
directly with the cargo (receptor molecules, for example). A
transport cycle probably begins with the recruitment of
cytosolic adaptor proteins by a donor membrane. This is a
complex process, still incompletely understood, but known
to involve small GTP-binding proteins [1]. 
Once the adaptor proteins are in place, the clathrin triskelia
are recruited, and they assemble into an initially flat coated
patch. It is conjectured that subsequent rearrangements
within the clathrin lattice provide the driving force for the
formation of a coated bud, which eventually detaches as a
coated vesicle from the donor membrane. The GTPase
dynamin is known to participate in this event. Fusion of
the vesicle with an acceptor membrane follows when the
coat has been stripped off; in neuronal cells, this uncoating
reaction is performed by the molecular chaperone Hsc70
and a specialized DnaJ homologue [3].
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The domain structure of a clathrin triskelion and how it packs to form a
clathrin coat. (a) The domain arrangement of a clathrin triskelion.
(b) How the triskelia pack together to form a coat. For reasons of
clarity only four triskelia are shown, and the light chains have been
omitted. The linker and the globular amino-terminal domain point
towards the centre of the sphere. (c) A map of a clathrin coat at 21 Å
resolution [6]. To allow a clear view of the path of the triskelion legs,
the amino-terminal domain and most of the linker have been removed
from this map (see text for details).
Structural studies on clathrin-coated vesicles began with
electron microscopy of negatively stained coats, and it
quickly became clear that the wide variation in coat sizes
would preclude solution of the complete structure by X-ray
crystallography. This initiated attempts to map the struc-
ture by cryo-electron microscopy and single particle recon-
struction [4,5], recently rewarded by a 21 Å resolution map
of a clathrin coat [6]. Until very recently, electron
microscopy, together with biochemical, immunological and
genetic methods, offered the only means of exploring the
structure of the clathrin heavy chain. Now, however, Kirch-
hausen and colleagues [2] have determined the crystal
structure of a 55 kDa amino-terminal fragment of the
clathrin heavy chain at 2.6 Å resolution. This new informa-
tion, together with the electron microscopist’s 21 Å bird’s
eye view of the coat and functional data, have given the
picture of clathrin summarized below.
In the electron microscope, clathrin triskelia appear as
filamentous structures, with three legs radiating from a
common center and terminating in knobs (Figure 1) [7,8].
Each leg is a 192 kDa heavy chain, 45–50 nanometres long
and with a sharp bend 17 nanometres from the center,
which divides each leg into a proximal segment, or ‘thigh’,
and a distal segment, or ‘calf’. The legs meet near their
carboxyl termini, where a small segment spanning
residues 1550–1675 forms the trimerization junction
[9,10]. Each heavy chain carries a light chain, which
extends along the thigh with its carboxyl terminus close to
the vertex [11] (another view has been put forward [9],
however, in which the light chains make a U-turn half way
along the thigh, bending back all the way to the vertex). 
Efficient trimerization of the heavy chains in vivo requires
the presence of light chains [12]. Clathrin triskelia retain
the ability to self-assemble in vitro, at slightly acidic pH
and in the presence of millimolar calcium, into baskets or
coats indistinguishable from the surface lattice of coated
vesicles. This process requires neither light chains nor the
heavy chains’ amino-terminal knobs, which can be
proteolytically removed without altering the appearance of
the polygonal facets. In fact, recombinant ‘hubs’ —
triskelia with legs terminating at the ‘knee’ — do also
assemble into regular lattices, but these usually fail to
form a sphere, implying that the distal leg segments
contribute to basket formation [10]. 
A clue to the function of the clathrin light chains came
from the observation that light-chain-free triskelia showed
a greater propensity for self-association than those with
attached light chains [10,13,14]. The light chains might
thus act to prevent premature or futile assembly of
triskelia in the cytosol. The presence of an array of
potential regulatory sites on the clathrin light chains,
including possible phosphorylation sites and putative
binding sites for calcium and calmodulin, may mean that
regulatory factors act on the light chains to control clathrin
assembly [15]. It has been conjectured that light chains
modulate clathrin coat assembly by obstructing formation
of high-affinity salt-bridges between heavy chains [14].
The length of the polygonal edges in the lattice of the
assembled coat corresponds approximately to the length of
the thigh of a heavy chain. From theoretical considera-
tions, it was inferred that each vertex in the lattice is
occupied by a triskelion, with each of its legs running
along two consecutive edges (Figure 1). The packing of
the triskelia in reconstituted baskets is most clearly
visualized by electron microscopy, where at 21 Å resolu-
tion the path of a leg can clearly be followed from its
origin, along two polygonal edges to the amino-terminal
knob [6]. Four triskelia contribute a leg segment to a
polygonal edge: the two triskelia at the closest vertices
each contribute a thigh, and their two nearest neighbours
each contribute a calf. Each thigh runs along one edge of
the basket to the second vertex, where it bends clockwise,
the following calf contributing to the next edge. At the
third vertex, the heavy chain bends down, the following
flexible linker and amino-terminal domain forming a
‘hook’. At each vertex, three heavy chains bend inwards;
their amino-terminal domains face out where they appear
to join up with amino-terminal domains from other triske-
lia. This results in an inner protein layer which mirrors the
outer polygonal facets. 
Reconstructions of coats containing the AP2 adaptor
protein indicated that the amino-terminal domains of the
clathrin heavy chains contact projections emanating from
an inner shell of electron-density, which was assigned to
AP2 molecules [5]. This very important finding was
readily accepted, and it stimulated biochemical attempts
to demonstrate a direct interaction. This came when
immobilized, and thereby oligomerized, heavy-chain
amino-terminal domains were found to interact avidly
with AP2 [16]. It was later discovered that the amino-
terminal domain also interacts with the ‘non-visual’
arrestins, which couple activated G-protein-coupled
receptors to the clathrin-dependent internalization
machinery [17]. Other proteins known to interact with the
amino-terminal domain are the novel AP3 adaptor protein
complex, and the tyrosine-based internalization motif of
the low-density lipoprotein (LDL) receptor [18,19].
These observations all suggest that the amino-terminal
domain of the clathrin heavy chain plays central roles in
the association of clathrin with the membrane and in its
interaction with the coated vesicle cargo. 
The recently determined crystal structure [2], at atomic
resolution, of a fragment of the clathrin heavy chain that
includes the amino-terminal domain (Figure 2) is, then, a
major step forward. The seven-bladed ‘β-propeller’ struc-
ture of the amino-terminal domain comes as something of
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a surprise. The sequence of this region of the clathrin
heavy chain is devoid of the so-called WD40 or RCC1
sequence repeats that typify proteins with β-propeller
folds of this kind, nor is there any indication in the
sequence of a structural repeat. The seven blades never-
theless superimpose well on each other and on known
WD40 blade structures. 
In the β-propeller structure, there are grooves between
blades 1 and 2, and between blades 4 and 5. Site-directed
mutagenesis experiments identified residues in the
amino-terminal domain of the clathrin heavy chain that
are essential for its interaction with a carboxy-terminal
segment of arrestin 3 [17,20]. In the crystal structure [2],
these residues are seen to lie close to the margin of the
groove between blades 1 and 2. This region contains
hydrophobic and basic residues complementary to a
stretch of hydrophobic and acidic residues in arrestin 3. By
inference from the known crystal structure of the closely
related retinal arrestin, the carboxy-terminal segment of
arrestin 3 should be disordered and exposed, and thus per-
fectly adapted to fit into the groove in the β-propeller
domain of the clathrin heavy chain [21]. 
Kirchhausen and colleagues [2] speculate that the second
groove, between propeller blades 4 and 5, may bind the
flexible hinge region of the β subunit of AP1 or AP2. This
suggestion rests on the observation that mutations that
impair the binding of arrestin 3 have little effect on the
interaction of AP2 with the amino-terminal domain of the
clathrin heavy chain [17]. It should, however, be kept in
mind that there is at present no published evidence
proving there is an interaction between the hinge of 
β-type adaptor subunits and the amino-terminal domain
of the clathrin heavy chain. Indeed, only the AP2 core,
free of any hinges and appendages, has previously been
shown to bind perfectly well to the amino-terminal
domain [16].
The crystal structure [2] shows that the amino-terminal
domain is connected through an α-zig-zag linker to the calf
segment of the clathrin heavy chain. This linker consists of
ten short α helices of variable length, forming five hairpins;
two of the hairpins are closely apposed to the β-propeller,
while the rest are grouped in two four-helix bundles
(Figure 2). The linker is a rod-like structure some 45 Å long;
because of the variable length of the helices it is less
uniform than the α-zig-zag structures formed by
tetratricopeptide or ankyrin repeats. Kirchhausen and
colleagues [2] propose that the calf and thigh leg segments
might also have an α-zig-zag conformation. Consistent with
this idea is the high α-helical content of clathrin and the
estimated density of about three residues per angström of
calf leg segment, the same as that calculated for the α-zig-
zag of the linker. The overall appearance of the linker and
terminal domain at atomic resolution is not unlike that of the
hook seen by cryo-electron microscopy; this nicely demon-
strates the power of cryo-electron microscopy for delineating
the path of the heavy-chain legs in the assembled coat.
The progress that has been made in solving the structure
of the clathrin coat contrasts with our limited understand-
ing of how coat assembly occurs in vivo, and even in vitro.
The adaptor proteins that connect clathrin to its cargo also
promote clathrin assembly in vitro. The best-studied
adaptor proteins are AP2, which is associated with the
plasma membrane and is composed of α, β2, µ2 and σ2
subunits, and AP1, which is associated with the trans-
Golgi network and is composed of γ, β1, µ1 and σ1
subunits. The β-type subunits have a clathrin binding site
in a region commonly referred to as the ‘hinge’ [22], which
connects the carboxy-terminal appendage with the trunk
or core region of the β subunit. This binding site is of low
affinity, however, and avid binding to clathrin can be
detected only in conditions that favor aggregation of the
adaptor protein or, in the case of recombinant hinge frag-
ments, immobilization on agarose beads.
Figure 2
The structure of the 55 kDa amino-terminal
fragment of the clathrin heavy chain at 2.6 Å
resolution [2]. (a) The fragment folds into two
subdomains: an α-helical zig-zag linker and a
seven-bladed β-propeller amino-terminal
domain. (b) The propeller viewed from the top.
The shaded area contains the binding site for
non-visual arrestins.
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Recruitment of clathrin by Golgi membranes in vitro is
nevertheless absolutely dependent on the presence of the
binding site in the hinge of the AP1 β1 subunit [23]. In
principle, one clathrin binding site per adaptor might
suffice to recruit and support assembly of clathrin on
membranes, providing that the adaptor is in an oligomeric
state. This oligomerization could be facilitated by acces-
sory proteins — such as the dimeric amphiphysin, which
has two AP2 binding sites, or the tetrameric Eps15 with
four of them [24,25] — which might link the adaptor pro-
teins into a network that could serve as a nucleus for the
recruitment and assembly of clathrin. Unfortunately,
matters are complicated by reports of another clathrin
binding site in the core domain of the AP2 α subunit, and
of a second adaptor protein binding domain in the hub
region or distal segment of the clathrin leg [26,27]. Two
clathrin binding sites on AP2 would also suffice to bring
two clathrin triskelia together, and might thereby initiate
their assembly; alternatively, they might act in a sequen-
tial and mutually exclusive manner during the recruitment
of clathrin.
Two more clathrin-associated proteins have been
identified in brain tissue which are unrelated to the
adaptor proteins — AP180 and auxilin [1]. AP180 depends
on an intact heavy chain for its interaction with clathrin,
and in vitro it is clearly the most potent known stimulator
of clathrin assembly. Work on auxilin shows just how
misleading in vitro binding and assembly studies can be.
This protein, which interacts with clathrin in a manner
that is independent of the heavy chain’s amino-terminal
domain, was originally considered to be a stimulator of
clathrin assembly, until it was discovered that it actually
acts, in cooperation with Hsc70, as a cofactor in coat disso-
ciation [3]. To understand the molecular details of AP180-
driven coat assembly and auxilin-initiated uncoating, we
need to know more about how and where these proteins
attach to the clathrin molecule.
The new structural revelations of Kirchhausen and
colleagues [2] might stimulate other groups to try their
luck at crystallizing the hub of the clathrin triskelion or
the appendage/hinge regions of the α and β adaptor sub-
units. But perhaps more importantly, the recent progress
in the field opens the way for numerous experiments
aimed at elucidating the role of the protein–protein inter-
action domains that have been identified in clathrin and
the adaptor proteins, using either cell-free coat recruit-
ment assays or transfected cells that make specifically
altered protein domains.
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